Structural weight reduction and high aspect ratio wings play a key role in improving the performance of modern transport aircraft. This leads to a highly flexible aircraft structure which is sensitive to external disturbances like gusts. To counteract this undesired effect, active control is a promising technology. In this paper, a gust load alleviation controller is designed for a wind tunnel model of a flexible wing with various trailing edge flaps and acceleration sensors. For a sophisticated model-based controller design, a detailed aeroelastic model is derived describing the coupling of structural dynamics and aerodynamics. Additionally, actuator dynamics and structural modes are identified and used to improve model accuracy. Subsequently, the weakly damped first wing bending mode, which causes high structural loads, is isolated via H 2 -optimal blending of control inputs and measurement outputs. In this way, a gain-scheduled single-input single-output controller can be designed to control the desired aeroelastic mode. Eventually, the great potential of the proposed control approach is verified by a wind tunnel test including different gust excitations and varying airspeeds.
I. Introduction
In order to improve aircraft performance, structural weight reduction and aerodynamically efficient high aspect ratio wings play a key role [1] . This, however, typically leads to an increased flexibility of the aircraft structure with an increased sensitivity to gust encounters [2] . To counteract this adverse effect, an active gust load alleviation (GLA) control system can be used which feeds back multiple measurements to available control surfaces. The actual effect of gusts on highly flexible flexible wings and the capabilities of different GLA systems can be evaluated at low cost by means of wind tunnel experiments [3, 4] . In [5] , an adaptive control strategy for damping the first wing bending mode has been extensively tested in a wind tunnel. Another series of wind tunnel studies characterizing the system response and active control characteristics has been carried out on the so-called "SensorCraft", see [6] [7] [8] . As the wind tunnel tests confirm, the performance of a GLA system largely depends on available measurements and control surfaces. Hence, increasing the number of sensors and (multifunctional) control surfaces allows improving GLA performance [9] , but also leads to new challenges in the design and certification of the control system [10] .
In [11] , a new control approach has been presented for aeroelastic systems with a large number of control inputs and measurement outputs. In order to control individual aeroelastic modes, the approach reduces the complexity of the control design problem by blending the inputs and outputs beforehand. The sensor signals are weighted and summed up in a way such that the resulting (virtual) measurement signal represents the response of the mode of interest. Similarly, available control surfaces are allocated such that the considered mode can be controlled explicitly by a single (virtual) control signal. As a result, individual modes can efficiently be isolated and hence controlled by means of a single-input and single-output (SISO) controller.
While in [11] , the performance of the proposed control approach has been verified using time and frequency domain simulations, the goal of this paper is to verify these results by means of a wind tunnel experiment. To that end, a model of a flexible wing of 1.6 m span is designed and augmented with three trailing edge flaps and multiple acceleration measurements. For model-based controller design and tuning, an aeroelastic model of the flexible wing is derived in Section II, which captures the coupling of unsteady aerodynamics with structural dynamics. Furthermore, acceleration and load measurements as well as identified actuator dynamics are added to the model. Subsequently, the first wing bending mode is isolated by blending the control inputs and measurement outputs according to [11] . Based on that, a SISO controller, which is scheduled with airspeed, is designed and tuned to achieve a maximum damping of the first wing bending mode during gust encounters. In Section III, the GLA controller design procedure is described and the achieved control performance is evaluated in simulation. Eventually, the effectiveness of the proposed GLA system is verified by wind tunnel experiments as described in Section IV.
II. Aeroelastic Modeling
In this section, the modeling procedure for the experimental flexible wing is described. Individual models of the aerodynamics, the structural dynamics and the actuator dynamics are derived and interconnected. The resulting integrated aeroelastic model includes multiple measurement outputs and flap deflection command inputs as well as an input for simulating vertical gust excitations. The general modeling procedure is based on [12] and depicted In Figure 1 , where the individual parts are explained in the following subsections. 
A. Structural Model
From the aeroelastic-tailoring process described in [13] and applied in [14] , a stiffness-optimized finite element model (FEM) of the flexible wing is obtained. Condensing the FEM and carrying out a modal analysis yields the structural model
described in the modal or generalized coordinates h. In Equation (1) on the wing structure, the resulting modal deflections are given as
where x h captures both the displacements of rigid body and the flexible modes. For the considered flexible wing, the rigid body motion is constrained as the wing is clamped in the wing root. Solely the rotation around the quarter chord line of the wing is not fixed, which is used to simulate a gust excitation, see Section II-C for more details. Furthermore, only the ten flexible modes with the lowest natural frequency are considered in the structural model while the remaining higher-frequent modes are truncated.
B. Aerodynamic Model
The aerodynamic model Q aero (s) describes the aerodynamic loads p (aero) resulting from modal deflections x h and control surface deflections δ. The aerodynamic loads can be partitioned into the generalized loads p (aero) h acting on the wing structure and the loads p (aero) c occurring at predefined sensor positions. Based on that, it can be written
where Q aero (s) is partitioned into the the four individual transfer function matrices Q h,h (s), Q h,δ (s), Q c,h (s) and Q c,δ (s).
In order to capture also unsteady aerodynamics, Q aero (s) is computed in the frequency domain using the doublet lattice method (DLM) [15] . To that end, the lifting surfaces are discretized by aerodynamic panels, where the panel size of the trailing edge flaps is reduced for a higher modeling accuracy, see Figure 2 . In order to obtain an unsteady aerodynamic model which can also be used for time domain simulations, a rational function approximation (RFA) according to Roger [16] is carried out yielding
where c denotes the reference chord length. Certainly, the unsteady aerodynamic model depends on the velocity of the surrounding air flow V and its density ρ. Recalling that Q aero (s) actually consists of four different parts, the given matrices in Equation (4) can also be partitioned as 
C. Actuation

Trailing Edge Flaps
In order to allow for an active GLA, the experimental flexible wing is augmented by three trailing edge flaps of equal size, each one driven by a MKS HBL 990 servo. The transfer function from the commanded to the actual flap deflection angle is identified by means of the actuator testbed depicted in Figure 3 . For identification, sine sweeps of different amplitudes are commanded and the resulting flap angles are measured yielding the frequency response plotted in Figure 4 . Clearly, a certain bandwidth limitation as well as time delay are visible. To approximate the measured frequency response for a maximum flap deflection of ±10°, the coefficients a j , j = 1, .., 4 of the transfer function
are determined by means of a least squares fit. As a result, the actual flap deflections are
where δ cmd summarizes the deflection commands for all flaps. Furthermore, a free play of 0.5°, a time delay of 10 ms and a maximum deflection rate of 1280°/s are determined experimentally, which are not captured by the linear model derived here.
Fig. 3 Actuator identification testbed.
Gust Simulation by Forced Pitching Motion
In order to excite the experimental flexible wing, vertical gusts are simulated by a forced pitching motion around the quarter chord line. In the frequency range of interest, this kind of excitation is comparable to an external gust generator due to the high torsional stiffness of the wing. Pitching the wing adds an additional angle of attack, similarly to vertical gusts during flight. The pitching motion is executed by a Parker Torque Motor 190ST6M with a Compax3 I31T11 control unit. In order to precisely follow the commanded gust angle of attack α (gust) cmd , an appropriate pitching moment p pitch needs to be generated which is induced to the wing at its root. Transforming the induced pitching moment to modal coordinates by means of the transition matrix Φ pitch,h yields
where G pitch (s) is a second order low pass filter describing the closed-loop behavior of the pitch excitation system. 
D. Measurements
Acceleration Measurements
For active GLA, eight vertical acceleration sensors are installed in the experimental flexible wing. The sensor positions are close to the flap positions and depicted in Figure 5 . The acceleration measurements are computed as
where the modal accelerations x h = s 2 x h are transformed to the corresponding sensor coordinate systems by means of the transition matrix Φ acc,h .
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Structural Loads Measurements
The performance of the implemented GLA control system is evaluated in terms of the achieved wing root bending moment (WRBM) reduction. To measure the actual WRBM, a piezo balance is inserted between the wing root and the shaft of the pitch excitation system. By means of the force summation method [17] , the occurring structural loads are given as
where p
= T c,h s 2 x h denote the inertial loads.
E. Model Integration
In order to obtain the integrated aeroelastic model, the structural model from Section II-A is coupled with the aerodynamic model from Section II-B. In generalized coordinates, this is achieved by setting
where the external loads acting on the wing structure p . Furthermore, the actuator dynamics described in Section II-C and the measurements described in Section II-D are added to the model. The interconnection of the individual models is depicted in Figure 6 , where the resulting integrated model has 90 states and is linear time-invariant (LTI) for constant airspeeds. 
F. Model Update
Basically, the derived integrated aeroelastic model is required for the model-based control design procedure described in Section III. Since the performance of the controller greatly depends on the accuracy of the underlying simulation model, it is proposed to update individual parts as described in the following subsections. Based on the updated model, the controller is re-tuned to guarantee closed-loop stability and maintain a maximum controller performance.
Mass model
Before assembling the experimental wing, its components are weighted and added as point masses to the original FEM. The individual component masses are summarized in Table 1 , where the total mass of the wing is approximately 3.6 kg. Subsequently, a modal analysis is carried out again on the updated FEM yielding a new structural model. 
Modal test
After assembling the experimental wing, a modal test is carried out in order to identify the actual structural modes. To that end, additional acceleration sensors are mounted on the wing and pitch excitation system measuring the response of the wing when it is excited at different locations with a modal hammer. Subsequently, the natural frequency, relative damping and the shape of the structural modes are obtained by means of an input-output modal analysis, see [18] and [19] for more details. In Table 2 , the identified first four structural eigenmodes are listed, where the first wing bending mode is subject to be controlled. In order to accomplish an adequate match of theoretical and experimental modal results, parameters with the largest uncertainty in the FEM are adapted:
1) Fiber angles in the load carrying wing skins are altered by 1 to 2 degrees, considering variations in the hand layup process. 2) Adaptation of a degradation factor accounting for a stiffness reduction due to fiber ondulation. 3) Adaptation of the foam core density, considering manufacturing variations. Eventually, another update of the structural model is obtained by carrying out a modal analysis on the adapted FEM. 
Actuator model
Besides updating the structural model by correcting local mass and stiffness, also the flap actuation system installed on the actual wing is re-identified and updated in the model. To that end, the procedure from Section II-C is applied to each individual flap, where sine sweeps are used to identify the transfer function from the commanded to the actual flap deflection. Furthermore, the maximum deflection rate and free play are determined for each flap and given in Table 3 . In the wind tunnel, the same procedure is repeated at different airspeeds to consider also real aerodynamic loads. However, the identified parameters changed only marginally which means that the power of the chosen actuators is sufficient. 
III. Aeroelastic Mode Control
In Section II, an aeroelastic model of the experimental wing is derived which depends on the true airspeed V. To obtain the shape, frequency and damping of the individual aeroelastic modes, the airspeed is fixed at different values and a modal decomposition is carried out on the resulting LTI systems. As expected, the lightly damped first and second wing bending modes clearly dominate the WRBM, which can also be seen in the frequency response given in Figure 7 . Since the second wing bending mode is marginally excited during gust encounter due to its high natural frequency, the objective for GLA controller design is to increase the damping of the first wing bending mode. To that end, the modal control approach from [11] is applied, where the first wing bending mode is first isolated by blending the control inputs and measurement outputs. Here, the deflection commands δ (flap cmd of the n u = 3 trailing edge flaps are considered as control inputs and the n y = 8 vertical acceleration sensor signals y acc are considered as measurement outputs. Based on the system with blended inputs and outputs, a SISO controller design is enabled, where the goal is to increase the damping of the isolated mode. Since the shape of the first wing bending mode varies only slightly within the considered airspeed range, the corresponding input and output blending vectors k u ∈ R n u and k y ∈ R n y are computed at a single airspeed and held constant for all airspeeds. In contrast to that, the gains of the SISO controller c(s,V) are scheduled with V to achieve a better controller performance. The resulting closed-loop interconnection is depicted in Figure 8 , where the dashed line encircles the gain-scheduled controller
Note that the transfer function matrices of the controller K(s,V) and the plant G(s,V) are defined only for fixed airspeeds V. The overall controller design procedure is schematically visualized in Figure 9 , where the individual parts are described in the following subsections. 
A. Modal Decomposition
For a fixed airspeed V, the described aeroelastic model yields an LTI system which can be decomposed as
where the individual modes i = 1, ..., n i are given as
According to Equation (13), a mode i is either described by a single real pole p i with an imaginary part (p i ) = 0 or a conjugate complex pole pair p i and p i . Each pole p i is associated with a residue R i ∈ C n y ×n u , where for a real pole, the corresponding residue is real, and for a conjugate complex pole pair the residues are conjugate complex. Note that the given poles as well as residues also depend on the fixed true airspeed V, which is not explicitly given here for ease of notation.
B. H 2 -optimal Blending of Inputs and Outputs for Modal Control
The H 2 -norm of an individual aeroelastic mode is a well-suited metric to quantify its controllability and observability in a combined way [11] . Based on this measure, H 2 -optimal input and output blending vectors k u and k y for controlling the first wing bending mode M(s,V) are derived by solving
The blending vectors k u and k y , which are required to be real in order to be realizable, can be seen as input and output directions of unity length enforced by the constraints (14b) and (14c). The constrained optimization problem (14a) -(14c) has n u + n y optimization variables and can be solved by reformulating it as an unconstrained optimization problem in a single variable, see [11] for more details. Since the H 2 -optimal blending vectors change only marginally for different airspeeds, the ones computed for V = 40 m/s are used at all airspeeds. Blending the inputs and outputs of the aeroelastic model from Section II-E results in a SISO system, for which the frequency response is depicted in Figure 10 . The first wing bending mode with a natural frequency around 8 Hz is clearly emphasized while the contributions of higher frequent modes are minor. Hence, the desired isolation of the first wing bending mode is achieved, which enables a SISO controller design described in the following subsection. 
C. SISO Controller Design and Tuning
After blending control inputs and measurement outputs of the experimental flexible wing, a SISO controller is designed to damp the first wing bending mode and thereby reduce the WRBM. The SISO controller chosen here is given as
where the proportional and integral gains k p (V) : R → R and k i (V) : R → R are scheduled with true airspeed V. The controller gains are tuned manually at fixed true airspeeds of 20 m/s, 30 m/s and 40 m/s and linearely interpolated inbetween. With the goal to maximize the damping of the first wing bending mode, the SISO controller is tuned such that actuator saturation does not occur for the considered gust excitations. Additionally, classical gain and phase margins of at least 6 dB and 45 deg are taken into account, respecitvely. The achieved damping of the first wing bending mode is depicted in Figure 11 . It can be seen that the relative damping is increased by a factor of more than five at higher airspeeds while it is not even tripeled at lower airspeeds. The reason for this is the efficiency of the flaps, which also increases with airspeed. Furthermore, the poles of the remaining aeroelastic modes are hardly affected when closing the loop, which indicates a good isolation of the target mode applying the input and output blends. Besides the increase in modal damping, the performance of the designed GLA system is evaluated in terms of the achieved WRBM reduction during vertical gust encounter. To that end, different types of gusts are simulated by the pitch excitation system, where the obtained results are given in the next section. 
IV. Experimental Results
The GLA controller derived in Section III is verified at the Crosswind Simulation Facility (Seitenwindkanal Göttingen, SWG) of the German Aerospace Center (DLR) in Göttingen. The maximum flow velocity of the closed-circuit wind tunnel is 65 m/s and the dimension of the test section is 2.4 m (width) by 1.6 m (height). The flexible wing, depicted in Figure 12 , is mounted on the pitch excitation system which is outside of the wind tunnel. After validating the derived aeroelastic model, the loop is closed and the acutal GLA controller performance is determined for different gust excitations.
A. Model Validation
For aeroelastic model validation, sweep excitations are performed at 20, 30 and 40 m/s true airspeed yielding the transfer functions from pitch angle and individual flap deflection angles to vertical accelerations and loads measurements. The experimental results correspond well to the simulation results as it can be seen in Figure 13 . The largest mismatch is visible in the channel from the blended inputs (flap deflections) to the blended outputs (acceleration measurements), where it is assumed that free play in the pitch excitation system yields smaller amplitudes than expected. During the experiments, the aeroelastic modes of interest are directly identified by means of a real-time capable output-only modal analysis, see [20] and [21] for more details. For the first wing bending mode, the natural frequency remains almost constant while its damping increases with airspeed. This also corresponds well to the open-loop simulation results as compared in Table 4 . 
B. Controller Verification
In order to verify the GLA capability of the controller derived in Section III, the flexible wing is excited by stochastic and discrete gusts. In the stochastic case, a band-limited noise between 1-30 Hz is commanded to the pitch excitation system. The intensity of the noise is chosen such that a maximum WRBM of 120 N m is not exceeded and hence varies with airspeed. The root mean square (RMS) of the WRBM is reduced by 28 % at V = 40 m/s while at V = 20 m/s, a reduction of only 10 % is achieved since flap efficiency is decreased at low airspeeds.
As discrete gust excitations, "1-cos" gusts according to the certification requirements [22] and [23] are applied. Different intensities and gust gradient distances are tested, where the WRBM becomes a maximum when the gust frequency coincides with the natural frequency of the first wing bending mode. Plotting the WRBM for this special case in Figure 15 , it can be seen that both the peak and the settling time are reduced considerably when the controller is turned on (closed-loop). The corresponding flap deflection commands are depicted in Figure 16 , where it can be seen that the outer flap is deflected most. In comparison to that, the inner flap deflection commands are within free play meaning that in reality, the inner flap is not deflected. Obviously, this yields a loss in GLA performance which is confirmed in nonlinear simulations.
Furthermore, sweep excitations are used to identify the closed-loop transfer function from the pitch angle to the WRBM. In Figure 14 , the reduction of the WRBM is clearly visible and results from damping the first wing bending mode. The actual increase in modal damping is again identified online (and verified offline), where the corresponding values are given in Table 4 . Compared to the simulation results, however, the increased damping of the first wing bending mode is considerably smaller than expected for all considered airspeeds. The main reason for this is again the large free play of the flap actuation system as given in Table 3 . All in all, the designed controller provides a good GLA performance which may be further improved by reducing free play. PSfrag replacements 
V. Conclusions and Outlook
In this paper, an advanced GLA control system is developed and verified in a wind tunnel test campaign. To that end, multiple acceleration measurements are fed back to three trailing edge flaps, where an H 2 -optimal blending approach is applied to isolate the first wing bending mode. Based on that, the isolated mode can be damped efficiently by means of a SISO controller which is scheduled with airspeed. For the model-based control design approach, an integrated aeroelastic model of the experimental flexible wing is derived which is validated during the wind tunnel test campaign. The actual GLA controller performance is evaluated for different gust excitations and confirms the great potential of the proposed control approach.
